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示MP对斑马鱼的半致死浓度(96 h-LC50)为 6.3 mg/L，Cd对斑马鱼的 96 h-LC50
为 8.3 mg/L；利用气相色谱 (GC)和电感耦合等离子体质谱法 (ICP-MS)对MP和
Cd共同存在时对彼此在斑马鱼脑中的富集影响进行了分析，结果表明两者在前







定的相关性：MP和 Cd的联合胁迫在前 24 h促进了彼此的富集，使得毒性增加，

























生物共性标记物；ALDOCB、DPYSL2 和 NDUFS1 在 MP单一胁迫组中的表达
量呈现特异性上调，说明三者在机体抵抗MP的胁迫毒性方面起着重要的作用，


















组表达的 GSTM3活性测定为 192 U/mgprot，为正常斑马鱼脑组织中 GSTM3活
性（20.62 U/mgprot）的 9.3倍，这说明毕赤酵母 GS115可以作为表达斑马鱼脑


















Combined pollution has become one of the important directions of research in
environment science at present. Before now most of the research has concentrated on
the action of single compound against organisms. Due to the presence of multiple
pollutants in natural environments, environmental scientists are paying more
attentions on the joint toxicological effects, especially about the combination of
organophosphorus pesticides with heavy metals. In the present study, methyl parathion
(MP) and Cd were chosen as two pollutants which are widely found in the aquatic
environment, and zebrafish (Danio rerio) was chosen as experimental object. The joint
toxicological effects of MP with Cd were analyzed, including changes of physio-
biochemical markers, differential expression of proteins and other aspects.
Firstly, the acute toxicological effects of MP or Cd on zebrafish were examined.
The single 96-h LC50 value of MP on zebrafish was 6.3 mg/L, and that of Cd was 8.3
mg/L. In order to provide insights into the interaction between them, the
bioaccumulation of MP and Cd in the tissues after 96 h of joint exposure was analyzed
by GC and ICP-MS. The results of bioaccumulation showed that MP and Cd
interacted mutually. They promoted mutual bioaccumulation in the 24 h, and inhibited
mutual bioaccumulation from 24 h to 96 h. It indicates that Cd and MP can affect
mutual toxicity on zebrafish when exposed to mixtures of them.
Secondly, the activities of superoxide dismutase (SOD), catalase (CAT), GST
(gultathione S transferase) and AChE (acetylcholineserase) in zebrafish brain tissues
were assessed, so as to discuss the joint toxicities of MP and Cd and the associated
response of zebrafish, along with sieving out suitable biomarkers of the pollution. The
results showed that activities of all four enzymes under joint stress changed
significantly when exposed to all treatments， and the changes is related with the
bioaccumulation of MP and Cd in combination. The promoted bioaccumulation of MP
and Cd in 24 h makes the joint toxicity increased, thereby inhibiting the enzymes
activities; the inhibited bioaccumulation of MP and Cd from 24 h to 96 h induces
more enzymes to play a role in detoxification, so the enzymes activities are increased
and the joint toxicity is reduced. The joint toxicological effect in 96 h is antagonism.















effects on zebrafish are affected by the interaction between MP with Cd, indicating
that they could be biomarkers of the joint pollution of MP with Cd.
Thirdly, differential proteomics and related analytical technologies were applied to
sieve out and identify the differential proteins in zebrafish brain under the combination
of MP with Cd. And it’s hoped to find the key proteins associated with the combination
of the two contaminants and evaluate their joint effects. As a result, 16 proteins were
identified using MS. These proteins are involved in cell metabolism, signal transport,
receptor activity, cytoskeleton assembly and stress proteins. Among them, proteins
related with metabolism are 50%, indicating the process of metabolism in zebrafish
tissues is disturbed greatly under the stress of MP and Cd. According to the expression
level change of MPI, GSTM3, TCRa-V54, Keratin8 and Hsp 8 in all treatments, it
reveals that they could be common biomarkers of MP or Cd or joint pollutions; On the
basis of the specific up-regulation of ALDOCB, DPYSL2 and NDUFS1 in the single
MP treatment, it suggests they might be the main specific biomarkers of MP toxicity;
Due to the specific up-regulation of UQCRFS1 and RPSA in the single Cd treatment,
it’s considered to be related with Cd detoxification, and they could be specific and
suitable biomarkers of Cd exposure. Expressions of ALDH9A1A, SSADH, NDRG3,
GSTM3 andATP5A1 are in favor of cell detoxification. The remarkable up-regulation
of them in combination indicates cells improve the detoxification to make the joint
toxicity of MP with Cd less than the single toxicity. It proves they are related with the
joint effects of MP with Cd, and could be chosen as biomarkers of the combined
pollution. In addition, the expression of TCRa-V54 in the single treatment (completely
inhibited to express) and the combination (down-regulated), indicates the joint
toxicological effects is existed.The analysis of these proteins contributes to provide
useful insights and experimental evidences for the joint toxicological mechanism
between different chemicals. Meanwhile, the results of real-time quantitative PCR
showed the regulation of most genes at the mRNA level correlated well with that of
the corresponding proteins, and the western blotting results showed the expression
level in joint action was down-regulated, which was in good accordance with that of 2-
DE. These results further confirm our confidence in the proteins identified using
proteomic approaches.
Lastly, GSTM3 was chosen to study the recombinant expression, because of its
significance of detoxification in joint toxicity between MP and Cd. According to the















synthesized based on the amino acid sequence of GSTM3. And the expression vector
of pPIC9-GSTM3 was constructed successfully. It was then transformed into the
Pichia pastoris GS115 by electroporation. The result showed GSTM3 was
successfully secreted and expressed in recombinant Pichia pastoris G115. The activity
of GSTM3 from recombinant expression was 192 U/mgprot, which was 9.3 times of
that from normal zebrafish brain tissues (20.62 U/mgprot). It indicates Pichia pastoris
G115 can be the suitable host to express the GSTM3. The expression system could be
used to make clear the detoxification mechanism of GSTM3, and analyze its feasibility
as a molecular biomarker of the joint toxicological effects of organophosphorus
pesticide with heavy metals.
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